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FOREWORD 


This  report,  OSURF  2784-2,  was  prepared  by  the  ElectroSclence 
Laboratory,  Department  of  Electrical  Engineering,  The  Ohio  State 
University,  Columbus,  Ohio.  Research  was  conducted  for  Rome  Air 
Development  Center,  Grlfflss  Air  Force  Base,  New  York,  under  Contract 
F30602-69-C-0231 ,  Job  Order  45060000,  Task  05.  Daniel  L.  Tauroney 
(OCTT)  was  the  RADC  Project  Engineer. 

This  report  has  been  reviewed  by  the  Information  Office,  01, 
and  Is  releasable  to  the  National  Technical  Information  Service. 


This  technical  report  has  oeen  reviewed  and  Is  approved. 


ABSTRACT 


An  experimental  and  analytical  study  of  a  particular  time-domain 
signature  for  radar  space  object  Identification  Is  described.  Measured 
data  presented  for  several  simple  metallic  shapes,  which  demonstrate  the 
direct  relationships  between  the  physical  properties  of  a  radar  target  anJ 
Its  time-domain  signature  are  presented.  Valid  time-domain  signature?  wave¬ 
forms  obtained  by  combining  three-freqt*ercy  low  resonance  scattering  data  and 
short  pulse  radar  data  are  also  presented.  Finally,  a  new,  approximate 
technique  for  producing  a  three-dimensional  target  Image  from  time-domain 
signature  data  at  three  look  angles  Is  described  and  Illustrated  with 
computer-drawn  Isometric  views  of  simple  shapes. 


EVALUATION 


This  effort  had  significant  results  In  developing  a  technique  which  give* 
a  three-dimensional  target  Imaqe  from  a  time  dowln  signature.  It  emphasized 
the  importance  of  lorn  resonance  region  data  to  constrain  the  volwe  of  the 
target  and  that  the  approach  Is  adaptable  to  present-day  radar  technology. 

The  short  pulse  plus  three  resonance  region  on  responses  can  be  used  to 
obt*;n  the  size  and  shapa  of  satellite- type  targets  and  has  future  use  In 
the  space  object  Identification  and  classification  area. 
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I.  INTRODUCTION 


The  research  conducted  on  this  program  is  directed  toward  new  and  im¬ 
proved  designs  for  space  object  identification  radars.  A  new  approach  via 
discrete  multiple-frequency  samples  of  the  target's  echo  signal  in  its  low 
resonance  range  Is  studied.  Such  an  approach  is  suggested  by  the  known  re¬ 
lationships  between  the  ramp  response  waveform  of  an  object,  which  can  be 
produced  synthetically  from  these  data,  and  the  physical  properties  of  the 
object. 1»2»3 

The  principal  goals  of  the  program  are: 

1)  The  design  and  instrumentation  of  a  unique  reflection  measurement 

facility  capable  of  rapidly  and  accurately  sampling  the  echo  signal  of  a 
target  in  amplitude  and  phase  at  10  harmonic  frequencies,  span¬ 
ning  the  low  resonance  range  of  the  target.  0  0 

2)  The  development  of  new  techniques  for  exploiting  the  direct  re¬ 
lationships  between  the  physical  properties  of  a  radar  target  and  its  ramp, 
step  and  Impulse  response  waveforms  in  Identification  schemes. 

3)  To  suggest  and  illustrate  procedures  whereby  data  from  short  pulse 
radars  could  be  integrated  with  low  resonance  region  data  to  further  refine 
the  Identification  capabilities  of  2). 

In  this  report,  our  progress  toward  these  goals  is  described.  Briefly, 
the  measurement  system  in  1)  has  been  constructed  and  is  operational. 
Scattering  data  on  several  representative  target  shapes  have  been  collected, 
and  the  accuracy  and  repeatability  of  these  results  established.  Under 
item  2),  techniques  have  been  developed  which  produce  isometric  images  of 
the  objects  using  the  ramp  response  waveforms  for  three  mutually  orthogonal 
views.  These  techniques  also  appear  to  be  feasible  using  much  more  spatially 
restricted  views  of  the  object.  Under  item  3),  procedures  for  producing  step 
and  Impulse  response  waveforms  of  an  object  from  a  combination  of  low  reso¬ 
nance  range  samples  and  short  pulse  data  have  been  suggested  and  Illustrated 
using  actual  radar  data.  Thus  substantial  progress  toward  the  design  of  a 
space  object  identification  radar  has  been  made. 
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II.  MEASURED  DATA 


A  series  of  ten-frequency  complex  spectral  response  measurements  on 
representative  targets  were  made  during  this  project  In  order  to  further 
study  the  characteristics  and  utility  of  ramp  response  waveforms  for  radar 
signature  work.  The  specific  metallic  targets,  which  are  detailed  in  ac¬ 
companying  figures,  are: 

1.  a  2:1  circular  cylinder.  Fig.  1. 

2.  A  2:1  circular  cylinder  with  a  spherical  cap.  Fig.  2. 

3.  A  2:1  circular  cylinder  with  a  conical  capi  Fig.  3. 

4.  A  2:1  circular  cylinder  with  a  smaller  1:1  cylinder 

on  one  end.  Fig.  4. 

5.  A  cube.  Fig.  5. 

6.  A  60°  cone.  Fig.  6. 

7.  A  half-spheroid,  rig.  7. 

8.  A  3:1  sphere-caDDed  cylinder  with  a  side-mounted  stub.  Fig.  8. 

A  set  of  metallic  spheres  with  diameters  of  1/2",  3/4",  1",  1-1/4" > 
1-1/2",  1-3/4"  and  2"  were  also  measured  and  used  as  calibration  references 
during  this  program. 

The  system  used  for  these  measurements  was  described  in  an  earlier 
report. ^  In  brief,  it  Is  a  coherent  c.w.  radar  cross-section  measurement 
system  operating  at  frequencies  of  1.082,  (1.082),  10.82  GHz.  The  use  of 
slow  target  motion  to  produce  an  interference  pattern  permits  simultaneous 
measurement  of  the  complex  scattered  signal  at  several  frequencies.  At 
present,  simultaneous  measurements  are  performed  within  the  frequency 
bands  1-2  GHz,  2-4  GHz,  4-7  GHza  and  7-11  GHz,  with  rapid  sequencing  of 
the  different  bands.  The  photograph  In  Fig.  9  shows  the  log- periodic-fed, 

3  ft  diameter  dish  antennas  used  for  transmitting  and  receiving,  and  the 
target  pedestal  which  has  computer-controlled  station  and  linear  motion. 
Because  separate  transmit  and  receive  antennas  are  used,  scattering  at  a 
20°  bistatic  angle  is  actually  measured  by  this  system.  However,  for  the 
frequencies  and  target  sizes  used,  the  true  backscatter  Is  very  nearly 
Identical  to  the  20°  bistatic  response. 

The  experimental  procedure  presently  used  with  this  system  provides 
calibration  and  accuracy  checks  on  each  target  measurement  run.  Measure¬ 
ments  of  a  no  target  case,  and  of  at  least  two  reference  spheres  ac¬ 
company  each  target  measurement  run.  Then  the  conputer  calibration  sub¬ 
program  subtracts  the  background  data,  normalizes  the  background-free 
data  to  produce  exact  complex  cross-section  values  for  the  "reference 
sphere",  and  checks  system  accuracy  and  linearity  by  corparlng  calculated 
and  measured  cross-sectional  data  for  the  different-sized  "check"  sphere(s). 
A  data  run  is  accepted  only  if  Its  check  sphere  results  are  accurate  to 
within  specifications  presented  in  the  Appendix. 

Our  experience  has  indicated  at  least  two  sources  of  the  measured 
data  variation.  The  disturbance  of  the  field  configuration  by  the  styro¬ 
foam  support  seems  to  affect  the  X-band  measurements.  "Long-term"  drift. 


caused  by  repositioning  of  absorber  panels,  pedestals,  etc.  for  other  meas 
urements  being  performed  In  our  anechoic  room,  is  the  second  factor.  On 
a  given  day,  repeatlbillty  of  the  measurements  range  typically  from  3%  in 
amplitude  and  3°  in  phase  at  the  higher  frequencies  to  1%,  1°  at  the  lower 
frequencies,  which  is  considerably  better  than  the  long-term  repeatibil  ity 
obtained  for  a  complete  data  set.  It  Is  clear  that  the  dedication  of  an 
anechoic  room  solely  to  these  measurements,  and  a  redesign  of  the  target 
pedestal  to  maintain  the  target  positioning  accuracy  while  creating  less 
field  disturbance  in  the  target  region  would  Improve  the  accuracy  of  the 
present  measurement  system. 

Complex  spectral  return  data  for  the  measured  targets  are  presented 
in  the  Appendix,  where  the  signal  magnitude  Is  the  square-root  of  echo 
area,  in  centimeters,  and  the  phase  reference  is  the  geometric  center  of 
the  object.  Scaling  can  be  used  to  apply  these  data  to  other  targets  of 
identical  shape  but  different  size  from  those  measured.  For  a  target  ob¬ 
ject  N  times  as  large  as  our  measured  object,  the  magnitudes  are  multi¬ 
plied  by  N  to  yield  data  on  the  larger  object  for  frequencies  which 
are  reduced  by  a  factor  of  N.  Thus,  if  the  dimensions  of  the  targets  in 
Fig.  1-8  were  in  feet  rather  than  centimeters,  the  square  root  of  echo 
area  would  be  given  in  feet  rather  than  centimeters,  at  frequencies  from 
35.43  MHz  to  354.3  MHz. 

The  ramp  response  is  obtained  from  these  complex  spectral  data 
using  a  10-frequency  Fourier  cosine  series,  where  each  component  is 
weighted  by  a  factor  -  1/n2,  n  being  the  harmonic  number.  Multiplying 
the  results  by  ( tt/4)  .  (1.00/1.08}  yields  the  normalized  ramp  response  de¬ 
fined  In  Reference  3,  whose  amplitude  Is  approximately  -  1/tt  times  the 
cross-sectional  area,  vs  twice- times-di stance  along  the  target  object. 

Some  representative  ramp  response  waveforms  for  various  target  objects 
are  shown  In  Figs.  1C  through  17.  Specifically,  the  waveforms  cor¬ 
respond  to: 

Fig.  10;  a  2:1  cylinder  (Fig.  1)  at  endflre  and  broadside. 

Fig.  11;  sphere  capped  cylinder  (Fig.  2)  at  nose-on,  broadside 
and  tail -on. 

Fig.  12;  cone-cylinder  (Fig.  3)  at  nose-on,  broadside,  and 
tail -on. 

Fig.  13;  step  cylinder  (Fig.  4}  at  nose-on,  broadside,  and 
tail -on. 

Fig.  14;  cube  (Fig.  5)  at  broadside  and  45°. 

Fig.  15;  cone  (Fig.  6)  at  0°. 

Fig.  16;  half-spheroid  (Fig.  7}  at  0° 

Fig.  17;  large  sphere-capped  cylinder  (Fig.  8)  with 
stub  ii  and  i  to  E-field,  0°. 

Of  course  the  ramp  waveforms  may  also  be  scaled  similarly  to  the  spectral 
data.  Multiplication  of  the  distance  scale  by  N  and  the  amplitude  by  N2 
yields  the  ramp  waveform  for  a  ta-^pt  N  times  larger  than  the  measured 
sample. 


3 


The  waveforms  of  Figs.  10  through  16  are  assumed  to  be  valid  ramp 
response  waveforms;  l.e.,  the  waveform  for  a  single,  nonperiodic  ramp 
discontinuity  would  be  virtually  Identical  to  the  one  presented  using 
the  Illuminating  ramp  discontinuity  with  a  period  of  1.08  GHz.  The  large 
sphere-capped  cylinder  target  model  is  too  large  for  Its  waveforms  to  be 
valid,  however.  The  response  for  this  object  has  a  duration  which  Is 
longer  than  the  period  of  the  Incident  waveform.  Thus,  the  response  for 
successive  illuminating  pulses  overlap  and  the  resulting  periodic  waveform 
would  change  for  a  single  Illuminating  ramp  discontinuity.  The  waveforms 
of  this  object,  shown  In  Fig.  17,  definitely  are  characteristic  of  the 
object,  and  the  orientation  of  the  stub  Is  Indicated  by  the  measured 
waveforms.  However,  the  geometrical  features  of  the  valid  ramp 
response  do  not  hold  In  this  Instance. 

The  other  target  waveforms  tend  to  confirm  two  major  properties  of 
the  ramp  response.  First,  the  amplitude  of  the  waveform  Is  approximately 
-  1/ir  times  the  target  cross-sectional  area  vs  distance  along  the  llne-of- 
slght.  Second,  the  total  area  under  the  curve  Is  proportional  to  the 
Rayleigh  coefficient,  and  hence  object  volume. 

Figure  18  shows  a  scatter  diagram  which  demonstrates  the  correlation 
between  actual  target  volume  and  the  predicted  volume  obtained  from  the 
measured  ramp  response  waveforms. 

The  area  under  a  rigorous  ramp-resposonse  waveform  Is  obtained  by 
simple  Integration.  For  our  Fourier  series  plots,  however,  the  D.C.  level 
of  the  waveform  Is  shifted  so  that  the  value  of  the  Integral  is  zero. 

Thus,  the  area  under  the  ramp  response  Is  proportional  to  the  D.C.  offset 
of  the  waveform  region  just  prior  to  the  target  response  region.  Multi¬ 
plication  of  the  D.C.  offset  In  cm*  by  the  total  period  (27.7  cm),  and 
by  ir  results  in  the  volume  estimate  of  Fig.  18.  It  Is  seen  that  most 
points  lie  within  the  ±10%  contours,  and  that  all  except  one  group  lie 
within  the  ±20%  contours.  The  group  of  points  which  depart  greatly  from 
actual  volume  are  for  the  cylindrical  objects,  oriented  broadside  to  the 
incident  field,  with  their  major  axis  parallel  to  the  E-fleld  (horizontal 
polarization).  For  vertical  polarization,  the  volume  prediction  for  this 
same  target  orientation  Is  almost  Identical  to  the  actual  volume.  It  thus 
appears  that  the  constant  of  proportionality  between  the  area  under  the 
ramp  response  and  the  target  volume  is  a  function  of  the  polarization  of 
the  Interrogating  field  with  respect  to  the  body.  However,  If  the  Incident 
E  field  Is  polarized  perpendicular  to  the  major  axis.  It  appears  that  a 
proportionality  constant  of  v  gives  good  results  for  all  targets  measured. 
Furthermore,  the  ratio  of  maximum  to  minimum  volume  estimate  seems  ap¬ 
proximately  equal  to  the  aspect  ratio  of  the  silhouette,  as  will  be  dis¬ 
cussed  later. 

In  Fig.  19,  the  ramp  waveform  is  compared  to  -1 /n  times  the  actual 
target  cross-sectional  area  for  the  2:1  cylinder.  Taking  into  consideration 
the  risetime  limitations  of  the  ramp  waveform,  general  agreement  is  seen. 
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The  greatest  difference  in  the  two  curves  Is  seen  In  the  shadow  region  of 
the  object.  The  plot  In  Fig.  20,  which  compares  cross  sectional  area  and 
ramp  response  for  the  step-cylinder  at  180°  indicates  that  the  step  car  be 
seen  In  the  ramp  response  even  though  It  is  completely  shadowed  at  this 
orientation.  The  plot  of  ramp  response  and  actual  cross  section  for  the 
2:1  cylinder  perpendicular  to  the  llne-of-sight  is  shown  in  Fig.  21.  Motlce 
that  the  fit  Is  much  closer  for  F  pevendicular  to  the  cylinder  axis,  and 
that  the  fit  Is  not  as  good  as  for  endflre  for  either  F  fldld  polariza¬ 
tion.  The  amount  of  ringing  following  the  main  portion  of  the  ramp  re¬ 
sponse  waveform  seems  to  be  Indicative  of  its  geometrical  accuracy.  It  Is 
noticed  that  the  ringing  is  much  more  prominent  for  the  broadside  cylinder 
waveform  of  Fig.  21  than  the  endflre  cylinder  wavef  rm  of  Fig.  19.  Fur¬ 
ther  studies  should  be  made  In  this  area  In  order  *co  discover  modifications 
of  the  waveform,  based  on  the  amount  of  ringing,  to  produce  a  more  accurate 
cross-sectional  area  vs  distance  estimate. 

Thus,  our  measurement  series  has  produced  Interesting  complex  spectral 
data,  lying  In  the  Raleigh  and  resonance  range,  for  several  target  shapes 
of  practical  interest.  Also,  the  ramp  response  waveforms  obtained  from 
the  above  data  tend  to  confirm  two  properties  of  the  ramp  response  derived 
from  previous  analysis  and  measurement  of  very  simple  metallic  target 
shapes;  that  the  waveform  amplitude  Is  proportional  to  target  cross-sectional 
area,  and  that  the  total  area  under  the  waveform  is  proportional  to  target 
volume.  In  addition,  sojne  new  general  properties  of  the  ramp  response  have 
been  noticed  In  our  results,  which  could  provide  a  basis  for  further  ana¬ 
lytical  investigation  of  Its  characteristics: 

1)  The  area  under  the  ramp  waveform  Is  polarization  sensitive, 
and  the  ratio  of  Its  maximum  to  minimum  value  provides  an  estimate  of 
the  aspect  ratio  of  the  target  silhouette. 

2)  If  the  F  field  is  oriented  perpendicular  to  the  major  axis  of 
the  target  silhouette,  the  proportionality  constant  between  the  body 
volume  and  total  waveform  area  appears  to  be  1/tt. 

3)  The  amount  of  ringing  In  the  ramp  response  waveform  is  in¬ 
dicative  of  the  correlation  between  the  ramp  response  amplitude  and  the 
target  cross  sectional  area  vs  distance  (to  the  first  zero  crossing). 

The  system  which  produced  these  data  constitutes  a  valuable  experi¬ 
mental  facility  for  our  laboratory,  and  Is  still  continuously  In  use. 

In  fact,  further  Improvements  are  being  contemplated.  A  much  larger  and 
faster,  time-shared  Instrumentation  computer  system  Is  presently  being 
acquired  by  our  laboratory,  and  our  system  will  be  converted  to  utilize 
It  as  soon  as  It  becomes  available.  Spectrum  equalization  and  Improved 
target  mounting  techniques  are  also  being  considered. 
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Fig.  9.  Tarq«t  pedestal  and  system  antennas 
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Fig.  10.  Ranp  response  waveforms  for  2:1  cylinder. 
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12.  Ramp  response  waveforms  for  cone-cylinder. 
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Fig.  13.  Ramp  response  waveforms  for  step-cylinder. 
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Fig.  15.  Ramp  response  waveforms  for  cone. 
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Fig.  18.  Actual  vs  predicted  object  volune, 
using  area  under  ramp  response. 


30 


35 


19 


RAMP  RESPONSE 


20 


Cross-sectional  area  times  ( -  )  vs  ramp  response 
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for  step  cylinder,  endfire  orientation. 
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^oss-sectional  area  times  (-  -)  vs  ramp  response  for  step-cylinder,  backfire 

T1 

Mentation  (2:1  cylinder  ramp  included  for  reference). 


III.  COMBINATION  OF  SHORf-PULSE 
AND  RESONANT  REGION  DATA 


Short  pulse  radar  systems  are  now  a  practical  tool.  One  of  the 
goals  of  this  stu<fy  is  to  demonstrate  that  scattered  fields  from  a  target 
obtained  through  the  resonance  region  can  be  used  to  supplement  the  short 
pulse  scattered  field  waveform  to  achieve  target  Identification.  The 
short  pulse  scattered  field  waveform  Is  first  used  to  Isolate  and  classify 
various  scattering  centers  on  the  target.  The  frequency  spectrum  of  the 
short  pulse  must  be  sufficiently  broad  to  achieve  this  result.  The 
complete  spectrum  of  the  scattered  fields  of  each  scattering  center  can 
then  be  computed,  once  it  Is  so  classified.  However,  the  dominant  scat¬ 
tered  fields  of  the  target  In  the  resonance  region  are  associated  with 
the  gross  features  of  the  target  instead  of  the  detailed  structure  of  the 
Individual  scattering  centers.  Thus  If  the  complex  scattered  field  spectrum 
generated  by  the  scattering  centers  Is  supplemented  by  the  spectrum  of  the 
scattered  fields  obtained  In  the  resonance  region,  a  more  accurate  very 
wide  band  scattered  field  spectrum  can  be  generated.  The  likelihood  of 
success  of  various  target  recognition  schemes  would  be  greatly  enhanced 
by  the  availability  of  such  data. 

An  important  question  to  be  discussed  Is  the  complexity  of  the  sys¬ 
tem  required  to  achieve  the  supplementary  resonant  frequency  scatt'-ed 
field  data.  It  will  be  seen  that  this  can  be  accomplished  with  tne  addition 
of  as  few  as  three  harmonically  related  radar  frequencies  operating  in  the 
appropriate  frequency  band. 

The  tlrne  domain  response  waveforms  represent  an  important  technique 
for  the  classification  of  radar  targets  and  their  subsequent  identification. 
The  ElectroScience  Laboratory  has  generated  a  library  of  sucn  waveforms 
where  the  incident  field  waveform  is  either  periodic  ramp,  step  or  Inpulse 
functions.  Various  target  signature  techniques  have  been  based  on  this 
data.  This  approach  is  to  be  used  to  combine  the  short  pulse  scattered 
field  and  the  resonant  scattered  field  data.  The  success  of  the  technique 
is  then  judged  by  comparison  with  existing  known  scattered  field  wave¬ 
forms. 

The  sphere,  whose  time  response  is  rigorously  known,  is  used  to  il¬ 
lustrate  the  characteristics  of  the  short-pulse  and  the  resonant-frequency 
data.  The  three  canonic  time-domain  waveforms  for  a  sphere  are  shown  In 
Fig.  22.  A  computer  program  which  constructs  a  Fourier  Series  approxi¬ 
mation  to  these  waveforms  was  used  to  examine  the  contributions  made  by 
different  frequencies  to  the  total  waveform.  Fifty  harmonic  terms  are 
Included  In  the  canonic  waveforms  given  in  Fig.  23,  where  .1  <_  a/\  ^5. 
Comparison  with  Fig,  22  shows  that  except  for  the  Gibb's  phenomenon~re- 
sulting  from  termination  at  50  harmonics,  these  approximate  wavefoms 
are  accurate.  For  a  1  meter  diameter  sphere,  these  waveforms  would 
represent  the  result  cf  measurement  at  60  Wz,  120  Wz,  ...  3  GHz  through 
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the  frequency  band.  The  shape  of  the  illuminating  waveforms  for  such  a 
wideband  system  are  shewn  in  Fig.  24.  A  short  pulse  system  having  a 
frequency  bandwidth  of  2.4  -  3.0  GHz  can  be  simulated  by  using  only 
harmonics  41-50  of  the  above  waveform  data.  For  the  resulting  ill umi - 
naiing  waveforms  shown  in  Fig.  25  a  and  b,  the  step  and  impulse  responses 
are  shown  in  Fig.  25  c  and  d.  Because  of  the  1/u2  weighting,  the  short 
pulse  data  makes  essentially  no  contribution  to  the  ramp  response  wave¬ 
form  for  this  smooth  shape,  and  its  response  is  not  shown.  For  the  step 
and  impulse  waveforms,  the  short  pulse  return  occurs  strongly  only  at  dis¬ 
continuities  in  the  canonic  waveforms  -  corresponding  tc  the  step  or 
impulse  terms  at  the  specular  point  on  the  sphere.  Since  this  specular 
point  is  the  only  scattering  center  for  this  shape,  this  result  is  ex¬ 
pected.  The  creeping  wave  term  which  produces  the  cusp  in  the  canonic 
impulse  response  is  masked  by  the  range  sidelobes  of  the  specular  point 
response  in  the  short  pulse  return  data. 

The  resonant  region  data,  obtained  using  harmonics  1-10,  are  shown 
in  Fig.  26.  Again,  the  normalization  is  consistent  with  Fig.  23.  The 
relative  accuracy  of  the  ramp  response  waveform  clearly  illustrates  why 
it  is  suggested  as  a  significant  signature.  For  the  step  and  impulse 
responses,  which  are  more  indicative  of  shape  details,  the  resonant  region 
data  is  obviously  less  complete.  As  expected,  the  greatest  error  occurs 
at  discontinuities  of  the  canonic  waveforms.  If,  in  order  to  simplify 
the  system,  only  five  frequencies  are  used,  the  further  degraded  wave¬ 
forms  of  Fig.  27  result. 

Because  the  short  pulse  return  occurs  precisely  where  the  iow- 
frequency  data  is  least  accurate,  these  figures  indicate  that  the  two 
types  of  data  can  be  profitably  combined.  It  is  also  obvious  from  these 
figures,  however,  that  simple  addition  of  the  returns  does  not  result  in 
an  improved  waveform  approximation  For  example,  addition  of  low-frequency 
and  short-pulse  data  for  the  sphere  impulse  response  results  in  the  wave¬ 
forms  of  Fig.  28.  On  the  other  hand,  if  the  character  of  the  scattering 
center  is  identified,  its  complete  spectral  response  can  be  generated 
and  this  combined  with  a  greatly  reduced  Quantity  of  resonant  frequency 
data  to  achieve  the  desired  result.  A  brief  examination  of  short  pulse 
return  characteristics  was  made  in  order  to  utilize  this  data  properly  to 
construct  much  more  accurate  time  domain  waveforms. 

The  deveTopment  of  short  pulse  radar  systems  has  resulted  in  the 
ability  to  resolve  in  range  the  scattering  centers  of  a  target.  A  further 
improvement  would  be  the  ability  to  classify  the  type  of  scattering  center 
corresponding  to  the  returned  signal.  Each  type  of  scattering  center  ex¬ 
hibits  a  characteristic  frequency  dependence  of  the  scattered  field  which 
can  be  expressed  as  F(u)  a  av{jo>)  ’  or  a  linear  combination  of  such  terms. 
Table  I  gives  the  correspondence  of  several  common  scattering  centers. 


TABLE  I 


v  =  0  Geometrical  optics  term  from  a  doubly  curved  surface, 
or  backscatter  by  a  straight  finite  length  edge. 

~  -h  scattering  due  to  doubly-diffracted  edge  scattered  fields 

v  =  1  specular  scattering  by  a  flat  plate 

v  =  -1  tip  scattering  (e.g.,  a  cone  tip) 


Of  course  more  complicated  dependence  upon  frequency  exists  such  as  the 
scattering  caused  by  creeping  waves,  antennas,  or  cavities.  The  types 
cited  above  will  suffice  for  this  preliminary  investigation. 

The  means  of  identifying  these  scattering  centers  is  the  Fourier  trans¬ 
formation 

(1)  f(t)  -  (ju,)v  eJU)t  da,. 

—CO 

However,  we  are  interested  in  identification  using  measured  data  over  a 
bandwidth  corresponding  to  the  radar  pulse,  i.e., 

fV“' 

(2)  f(t)  =  (ju,)v  eJut  du 

I 

Co  -0) 

0 

where  y0  is  the  center  frequency  and  2io*  is  the  bandwidth.  An  identification 
technique  which  utilizes  the  phase  of  the  carrier  with  respect  to  the  center 
of  the  pulse  return  envelope  has  been  proposed  to  obtain  the  identification 
from  this  short  pulse  data.  We  can  model  such  a  system  using  the  computer. 

We  assume  that  we  can  samole  the  return  signal  at  a  number  of  discrete  fre¬ 
quencies  in  the  band.  Further,  we  down-convert  such  that  the  band  to-w1  to 
u+w'  corresponds  to  the  range  u  =  0  to  w  =  2w!.  Using  a  periodic  train  of 
shifted  cosine  pulses  with  a  baseline  width  of  T/m  units  to  sample,  we  now 
replace  tq.  (2)  by 

M  jnw  t 

(4)  f(t)  =  l  A(n)  (jr™  )v  e  0  ,  0  <  t  <  T 
n=l 

where 

T  =  2u/co0  and, 
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Tha  fundamental  frequency  w0  is  chosen  to  be  w0  =  2u>'/m.  Utilizing  this 
Fourier  Inversion,5  we  can  now  examine  the  time  response  corresponding  to 
the  types  of  scattering  centers. 

A  computer  program  was  prepared  for  the  ElectroScience  Laboratory 
Minimal  Informer  and  responses  for  the  various  scattering  centers  were 
calculated  for  a  band  limited  signal  of  3.0  to  3.5  GHz.  Samples  were 
taken  at  0.01  GHz  Intervals.  This  sampling  interval  yields  accuracy  to 
3  significant  figures  in  the  resulting  time  response.  The  results  are 
shown  in  Fig.  29.  These  time  domain  waveforms  present  the  down-con¬ 
verted  signal,  where  the  local  oscillator  signal  is  synchronized  with  the 
envelope  of  the  original  return.  The  "real"  waveform  corresponds  to  a 
L.O.  which  is  in  phase  with  the  envelope  peak,  whereas  a  L.O.  signal  in 
quadrature  to  the  envelope  peak  results  in  the  "Imaginary"  waveform.  Note 
that  each  center  has  a  characteristic  response,  which  differs  from  the 
response  of  the  other  types  of  scattering  center.  Figure  29  is  plotted 
to  relative  scales  as  the  shape  of  the  response  was  of  most  Interest  In 
this  preliminary  study.  These  waveforms  demonstrate  that  the  down-con- 
versior,  process  preserves  the  shape  of  the  pulse  return  envelope,  but  the 
down-converted  waveform  has  only  one  carrier  cycle  beneath  the  envelope. 

Thus,  if  the  down-conversion  process  is  properly  synchronized  to  the  center 
of  the  envelope,  the  phase  relationship  between  the  carrier  and  envelope 
center  is  preserved,  and  is  much  more  easily  identified  in  the  down- 
converted  result.  The  relative  amplitudes  of  the  "real"  and  "imaginary" 
down-converted  waveforms  yield  phase  values  for  the  carrier  at  the  center 
of  the  envelope  for  the  various  scattering  center  types  as  given  in  Table  II. 

TABLE  II 

Relative  Phase 


Y  = 

0 

0 

Y  = 

mh 

-450 

Y  = 

i 

+900 

Y  = 

-i 

-900 

Y  - 

h 

+450 

Another  geometry  of  interest  exists  when  two  scattering  centers  of 
the  same  or  different  types  occur  at  different  ranges.  For  example  let 

F(j»)  -  (J.)°  +  (ju)°  e'2jkR 

where  the  origin  is  taken  at  the  first  center  and  the  range  distance  between 
the  center  is  R.  The  real  part  of  the  down- con verted  waveform  for  such 
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a  combination  Is  shown  In  Fig.  30  for  various  values  of  R.  The  expected 
result  Is  obtained.  That  Is  if  the  scattering  centers  are  not  resolved  by 
the  Incident  pulse,  they  coalesce  Into  a  single  pulse  and  cannot  be  readily 
identified.  Also  of  Interest  is  the  case  where  we  have  two  scattering 
centers  which  differ,  such  as 

F(ju)  =  (ju>)°  +  AW1  e“j2kR. 

A  result  for  this  case  Is  shown  in  Figs.  31  where  A  =  300  for  normali¬ 
zation.  In  this  case  the  nature  of  the  second  (ju)-1  scattering  center 
Is  obscurred  by  the  range  dependence.  However  it  may  prove  possible  to 
remove  this  ambiguity  by  knowing  the  range  difference  R  and  uslnc  the 
computer  software  to  Interrogate  each  scattering  center  In  tum. 

It  thus  appears  possible  to  process  short-plse  radar  Information 
utilizing  the  carrier-envelope  relationship  to  Identify  the  nature  of 
simple  scattering  centers.  A  further  investigation  into  envelope- 
center  synchronizing  techniques,  system  accuracy  obtainable,  and  identi¬ 
fication  of  more  complex  scattering  centers  seems  advisable  for  a  more 
thorough  understanding  of  the  use  of  these  waveforms  for  scattering 
center  identification. 

Use  of  the  short  pulse  response  to  identify  as  well  as  locate  the 
scattering  centers  permits  it  to  be  used  to  estimate  the  time-domain 
waveforms  and  finally  to  be  combined  with  lower  or  resonant  frequency  data 
for  a  greatly  Improved  response  waveform.  Again  using  the  sphere  for 
illustrative  purposes,  the  short  pulse  response  has  been  used  to  identify 
the  specular  scattering  point.  The  short-pulse  derived  response  wave¬ 
forms  for  the  specular  point  only  for  incident  Inpulse  and  step  waveforms 
are  shown  In  Fig.  32. 

The  two  types  of  data  can  now  be  combined  by  using  the  low  frequency 
approximate  waveform  for  harmonics  1-10  and  the  derived  short  pulse  ap¬ 
proximate  waveform  for  harmonics  11-50  of  the  composite  response  waveform. 

The  resulting  approximate  waveforms  are  shown  in  Fig.  33. 

The  figures  show  that  the  combined  data  waveforms  are  significantly 
improved  over  both  the  resonant  region  data  and  short  pulse  data  wave¬ 
forms  of  Figs.  26  and  32.  In  fact,  the  step  response  approximation  differs 
from  the  true  response  by  less  than  IX.  The  inpulse  response  approximation 
also  shows  excellent  agreement  with  the  true  Impulse,  with  a  very  slight 
error  in  the  region  of  the  creeping  wave  return.  The  ramp  waveform  is 
Indistinguishable  from  the  true  response  except  for  a  shift  in  the  D.C.  level. 
A  set  of  combined  response  waveforms  using  the  1st  through  5th  resonant 
region  harmonics  plus  short  pulse  data  are  shown  in  Fig.  34.  Step  and 
ramp  response  waveforms  for  a  sphere  using  the  first  3  harmonics  plus  short 
pulse  data  are  shown  in  Fig.  35.  It  is  seen  that  the  addition  of  just  a  few 
resonant  region  frequencies  to  the  short  pulse  data  yields  time  domain  re¬ 
sponse  waveform  a pproxi nations  which  have  all  the  correct  features,  and  are 
In  very  good  agreement  with  the  rigorous  waveforms. 
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Some  combined  waveforms  using  experimental  data  are  presented  next. 

The  response  waveforms  of  a  conducting  cube  oriented  so  that  its  vertical 
faces  are  at  450  angles  to  the  line-of-slght  have  been  generated  for  hori¬ 
zontal  and  vertical  incident  polarizations,  utilizing  short  pulse  data 
from  Reference  6. 

The  envelope  amplitude  vs  distance  waveforms  used  in  our  study  are 
shown  in  Fig.  46  of  Reference  6.  In  the  absence  of  phase  lata,  the  scat¬ 
tered  fields  from  the  scattering  centers  wrs  postulated  as  is  predicted 
by  scattering  theory.  In  general,  the  phase  Information  presented  in 
Reference  6  Is  not  directly  applicable  to  our  scattering  center  identi¬ 
fication  technique  because  it  Is  not  referenced  to  the  envelope  center  as 
our  method  requires.  However,  the  good  agreement  between  expected  and 
measured  phase  behavior  when  delay  is  taken  into  account,'  indicates  that 
the  basic  Information  Is  available  for  identification.  An  extended  com¬ 
puterized  data  manipulation  of  these  data  In  order  to  further  study  Identi¬ 
fication  and  canonic  waveform  approximation  Is  recommended  in  the  future. 

In  order  to  combine  resonant  region  and  short  pulse  data,  the  short 
pulse  returns  were  converted  to  cm,  using  the  thin  wire  reference  target 
for  normalization.  Then  our  ten-frequency  data  were  scaled  by  a  factor 
of  10.25  to  represent  a  30.8  cm  cube  (corresponding  to  the  short  pulse 
data).  The  equivalent  measurement  frequencies,  after  this  scaling,  are 
106  MHz,  212  Wz,  •••  1060  Wz.  The  resulting  short  pulse  derived  wave¬ 
form  approximations  are  shown  in  Fig.  36.  The  ten  frequency  resonant  region 
approximations  are  shown  in  Fig.  37.  The  combined  approximate  waveforms, 
using  ten  harmonics  plus  short  pulse  data,  are  shown  in  Fig.  38.  The 
waveforms  using  five  harmonics  plus  short  pulse  data  are  shown  in  Fig.  39. 
Finally,  approximate  waveforms  using  three  harmonics  plus  short  pulse  data 
are  shown  in  Fig.  40. 

Unlike  the  sphere,  rigorous  canonic  waveforms  have  not  been  calculated 
for  the  cube  with  45°  orientation.  However,  the  general  features  of  these 
approximations  merit  discussion,  since  they  seem  indicative  of  the  accuracy 
which  has  been  obtained. 

Considering  first  the  ramp  response  waveforms,  it  is  noted  that  both 
polarizations  produce  similar  waveforms  which  are  approximately  triangular, 
as  the  target  cross-section  vs  line-of-sight  would  predict.  It  Is  seen 
again  that  the  resonant  region  harmonics  primarily  affect  these  waveforms 
with  short  pulse  data  sharpening  some  of  the  comers. 

The  step  response  waveforms  are  quite  distinct  for  the  orthogonal 
polarizations.  It  is  noted  that  the  steps  in  the  short  pulse  approxi¬ 
mation  and  those  of  the  ten  harmonic  approximation  occur  at  approximately 
the  same  times.  Thus,  some  agreement  between  the  two  types  of  data  is 
evident.  In  the  rear  portion  of  the  step  response  waveforms,  the  resonant 
region  data  add  considerably  to  e  waveform  shape.  It  is  possible  that 
this  contribution  is  caused  by  multiply  diffracted  waves  which  are  masked 
by  the  short  pulse  data.  As  for  the  sphere,  it  is  seen  that  the  addition 
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of  just  three  resonant  region  harmonics  to  the  short  pulse  data  results  in 
a  waveform  which  is  hardly  changed  by  the  addition  of  more  data  except 
In  the  creeping  wave  region. 

A  study  of  the  permissible  range  of  target  sizes  for  valid  waveforms 
using  just  three  harmonics  has  also  been  made.  The  shape  of  the  responses 
for  an  Incident  step  waveform  for  spheres  such  that  .032  <_  a/x  <_  .2  at 
the  fundamental  frequency  are  shown  in  Fig.  41.  It  is  seeh  that  for 
a/x  =  .033,  .067,  .1,  ...  the  waveform  leading  step  no  longer  starts  at 
zero,  making  it  difficult  to  deduce  the  starting  point  of  the  response 
waveform.  Thus  a/x  1  .05  at  the  fundamental  seems  to  be  the  lower  limit 
on  target  size  for  valid  step  waveforms  using  three  harmonics.  For 
a/x  2  .2,  .4,  .6,  the  duration  of  the  target  response  is  considerably 
longer  than  the  fundamental  period,  and  overlap  of  succeeding  response 
waveforms  changes  the  shape  of  the  main  response  region  noticeably.  Thus 
it  appears  that  the  combined  step  waveform  using  three  low  harmonics  is 
valid  for  .1  <  d/Xf  <  .3,  where  d  is  the  maximum  object  dimension  and 
Xf  is  the  fundamental  wavelength.  This  conclusion  is  based  on  the  response 
waveforms  for  a  sphere,  and  should  be  further  investigated  for  objects  of 
quite  different  shape. 

It  is  seen  that  the  impulse  waveforms  are  the  most  closely  related 
to  the  short  pulse  data,  and  that  the  amplitude  of  the  resonant  region 
contributions  is  small  compared  to  the  impulsive  portions  of  the  waveform. 
Thus,  a  greater  dynamic  range  Is  necessary  to  accurately  reproduce  all 
impulse  response  characteristics.  It  is  also  noted  that  reducing  the 
number  of  harmonics  for  combination  with  the  short  pulse  data  has  more 
effect  on  the  Impulse  waveform  shape  than  for  the  other  waveforms.  The 
impulse  response  waveforms  for  both  sphere  and  cube  are  greatly  affected 
by  the  termination  of  their  Fourier  series  approximations  after  50  terms, 
which  gives  rise  to  the  noticeable  ringing  around  the  Impulsive  waveform 
portions.  A  revised  computer  program,  with  a  tapered  frequency  spectrum 
should  produce  waveforms  of  comparable  detail  which  do  not  include  as 
much  ringing.  Since  all  high  harmonic  terms  are  specified  once  the 
scattering  center  is  identified  such  a  modification  would  not  require 
any  change  in  the  short  pulse  measurement  technique. 

Some  general  conclusions  on  combining  short  pulse  and  low  frequency 
data  can  be  made  on  the  basis  of  the  above  waveforms.  First,  it  is 
evident  that  the  step  is  the  best  response  waveform  For  combining  the 
two  types  of  data.  Both  types  of  data  make  significant  contributions  to 
its  shape.  It  is  more  indicative  of  shape  detail  and  polarization  prop¬ 
erties  than  the  ramp  response,  and  it  is  more  representative  of  gross 
target  features  and  requires  less  dynamic  range  than  the  impulse  response. 

Valid  step  waveform  approximations  appear  to  be  possible  using 
short  pulse  data  plus  three  resonant  region  harmonics,  provided  the  target 
maximum  dimension  lies  between  1/10  and  3/10  of  the  fundamental  wave¬ 
length.  Thus,  as  an  example,  it  would  appear  possible  to  construct  valid 
step  waveforms  for  targets  between  3'  and  10'  in  maximum  dimension  using 
low  frequencies  of  30,  60,  and  90  Wz  along  with  short  pulse  data. 
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One  major  problem  in  using  HF  frequencies  for  satellite  Identification 
Involves  propagation  through  the  Ionosphere.  For  most  of  the  next  decade, 
however,  the  critical  frequency  pertaining  to  continuous  (day  and  night) 
ionospheric  propagation  will  be  below  approximately  10  Wz  for  propagation 
In  the  direction  of  the  zenith.  Thus,  It  appears  that  a  system  with  a 
30  Wz  fundamental  frequency  should  be  dependably  usable  for  angles  less 
than  60°  from  the  zenith. 

Another  problem  Involved  with  HF  frequency  radar  applications  Is 
the  antenna  requirement.  However,  recent  development  of  a  new  type  of 
compact  wlde-band  HF  antenna**  seems  to  have  alleviated  this  concern. 

It  seems,  therefore,  that  the  addition  of  low  resonance-region 
frequencies  to  short-pulse  data  to  produce  greatly  Improved  time  domain 
response  waveforms  Is  feasible  for  satellite-size  targets. 
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Fig.  23.  Fifty-harmonic  approximate  sphere  response  waveforms 
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Combined  short-pulse  and  resonant  region  approximate  response  waveforms  for  the  cube, 
45°  orientation.  10  resonant  region  harmonics  used. 


HORIZONTAL 
VERTICAL  * 


3  resonant  region  harmonics  used. 


Combined  short-pulse  and  three  resonant  frequency  (harmonic 
number  n  =  1,2,3)  sphere  step  response  waveforms  vs  radius 
in  fundamental  wavelengths. 


IV.  RADAR  IMAGING  USING  THE  TIiC-DOMAIN  RESPONSE 


A  portion  of  the  analytical  effort  on  this  contract  has  been  devoted 
to  a  study  of  target  imaging  using  the  ramp  response  data  which  ws  have 
measured.  Of  course  a  3-dimensional  object  picture  is  a  significant  in¬ 
dicator  of  satellite  identity.  In  fact,  the  questions  "What  does  the 
satellite  look  like?"  and  "What  is  the  identity  of  the  satellite?"  are 
very  nearly  synonymous.  A  target  image  is  thus  very  attractive  in  an 
intuitive  sense.  There  are  also  several  objective  arguments  for  obtaining 
a  visual  image,  however. 

One  very  attractive  aspect  of  a  visual  image  is  that  it  is  readily 
Interpreted  by  the  human  eye.  The  component  parts  of  the  satellite  (an¬ 
tennas,  solar  cell  panels,  etc.)  are  readily  assimilated,  giving  not  only 
physical  parameters,  but  possibly  indicating  satellite  function  as  well. 

A  newly  launched  satellite,  which  may  confuse  an  automated  Identification 
process,  can  be  easily  identified,  classified,  and  Its  purpose  evaluated 
with  the  help  of  a  visual  inspection.  Changes  in  the  satellites  shape, 
such  as  movement  of  the  antenna  or  solar  panels,  might  also  confuse  an 
automated  identification  scheme,  but  are  readily  interpreted  and  assessed 
as  normal  or  abnormal  using  a  visual  image  presentation.  In  summary,  the 
visual  image-human  observer  team  have  several  capabilities  which  would  be 
extremely  difficult  for  any  automated  satellite  Identification  scheme  to 
duplicate. 

Because  of  the  sheer  quantity  and  generally  routine  nature  of 
satellite  objects,  an  automated  Identification  system  seems  most  ap¬ 
propriate  for  normal  operational  situations,  with  the  above  human  ob¬ 
servation  capability  as  a  supplementary  aid.  Target  imaging  techniques 
have  certain  advantages  in  this  area  as  well.  An  automated  identification 
system,  which  uses  N  measured  parameters  to  classify  or  look  up  (library 
search)  a  satellite,  is  most  accurate  and  most  comprehensive  if  the  set 
of  N  parameters  have  physical  significance.  Thus,  by  deriving  the  N  inputs 
to  the  automated  system  from  a  target  image  (an  artificial  replica  of  the 
target)  a  more  nearly  optimum  automated  processor  should  result.  A  set 
might  include  such  conventional  but  significant  parameters  as  volume, 
motion  parameters,  maximum  dimensions,  number  and  type  of  major  recognizable 
components,  or  moment  of  inertia  tensor,  all  of  which  can  be  derived  from 
the  object  image  presentation.  The  fact  that  these  parameters  have  physical 
meaning  on  their  own  is  another  advantage  of  an  image  based  input  parameter 
set.  It  Is  worthwhile  to  reiterate  that  the  applicability  of  all  automated 
processing  schemes,  no  matter  how  sophisticated,  depends  on  the  character¬ 
istics  of  their  input  parameters,  and  image-derived  parameters  offer  prom¬ 
ising  Improvements  in  this  respect. 

The  specific  goal  of  this  effort  was  to  investigate  techniques  for 
obtaining  the  target  characteristic  function  P(x,y,z)  where  P(x,y,z)  =  1 
inside  the  target  and  P(x,y,z)  =  0  outside  the  target,  utilizing  ramp 
response  input  data.  The  ramp  response  wav°^orm  was  chosen  because  of 
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Its  relative  simplicity,  ease  of  measurement,  and  geometrical  significance. 
The  target  characteristic  function,  derived  by  BojarsklJ?  Is  a  particularly 
compact  and  useful  approach  for  defining  target  shape. 

13 

We  are  aware  of  another  interesting  study  of  imaging  by  Lewis,  and 
the  relationship  of  the  time-domain  signature  to  his  technique  has  been 
studied.  His  technique  is  derived  using  a  physical  optics  approximation 
for  the  current  distribution  on  the  scatterer.  However,  the  ramp  response 
on  which  our  studies  are  based  has  Its  major  components  in  the  Rayleigh 
and  resonance  region  of  a  target's  response,  where  the  physical  optics  as¬ 
sumption  does  not  hold.  Hence,  the  Lewis  technique  was  not  used  for  our 
study.  However,  since  both  studies  attempt  to  define  the  target  character¬ 
istic  function,  a  comparison  and  combination  of  the  results  would  seem  to 
be  a  feasible  and  interesting  area  for  future  study. 

The  subject  of  this  study,  the  "approximate  limiting  surface"  approach, 
utilizes  the  cross-sectional  area  vs  distance  information  of  the  ramp  re¬ 
sponse,  along  with  a  reasonable  assumption  on  the  outlines  of  the  given 
cross-sectional  area,  in  order  to  give  an  approximate  target  image.  For 
instance,  given  the  cube  ramp  response  waveform  of  Fig.  42,  it  is  known 
that  the  cross-sectional  area  of  a  "slice"  perpendicular  to  this  llne-of- 
sight  at  a  distance  X0  from  the  start  of  the  body  Is  A  units.  The  actual 
outlines  of  the  slab  of  cross  sectional  area  A  cannot  be  deduced  from  this 
waveform,  however.  Let  us  assume  that  the  slice  is  elliptical  in  shape, 
and  centered  about  a  longitudinal  body  axis.  Furthermore,  let  the  el- 
liptlcity  vary,  and  permit  either  a  vertical  or  horizontal  elliptical  shape. 
The  contour  which  encloses  all  ellipses  of  area  A,  either  horizontally  or 
vertically  criented,  ar.d  with  varying  ellipticities,  is  shown  in  Fig.  43, 
along  with  some  of  the  ellipses  which  fit  inside  it. 

A  three-dimensional  approximate  boundary  surface  is  constructed  of 
slices  similar  to  Fig.  43,  with  sizes  proportional  to  the  ramp-response 
waveform  amplitude.  For  the  ramp  response  waveform  of  Fig.  42,  the  limiting 
surface  is  shown  in  an  Isometric  view  of  Fig.  44.  The  corresponding  target 
characteristic  function  is 

P^x.y.z)  =  1  where  |y*z|  <  F(x)  •  .71 
=  0  |yz|  >  F(x)  •  .71 

F(x)  is  the  waveform  in  Fig.  42;  x,y,z  correspond  to  the  axes  in  Fig.  44, 
where  the  line-of-sight  is  parallel  to  the  x  axis.  Comparing  the  surface 
of  Fig.  44  to  an  actual  isometric  view  of  the  object  in  Fig.  5,  it  is 
obvious  that  this  surface  is  too  approximate  at  this  stage.  Note  how¬ 
ever,  that  the  front  face  of  the  object  is  well  represented  by  tne  ap¬ 
proximate  surface.  The  next  step  is  to  add  ramp  response  data  from  other 
incidence  angles.  Surfaces  obtained  from  the  top  and  side  views  of  this 
object  are  shown  in  Figs.  45  and  46  respectively.  The  corresponding  approx- 
mate  target  characteristic  functions  for  these  look  angles  are: 
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P2(x,y,z)  *  1  when  | x-z |  <  F(y)  •  .71 
=  0  elsewhere 

for  the  surface  of  Fig.  45,  and 

P3(x,y,z)  =  1  when  |x*y|  <  F(z)  •  .71 
=  0  elsewhere 

for  the  surface  of  Fig.  46. 

The  Improved  Image  Is  the  shape  which  lies  within  all  three  of  the 
above  limiting  surfaces,  and  Is  shown  In  Fig.  47.  The  corresponding 

P(x,y,z)  =  P-|(x,y,z)  U  P2(x,y,z)  U  P3(x,y,z) 
or 

P(x,y,z)  =  1  when  |yzl  <  F-| ( x)  •  .71 

ixzi  <  F2(y)  •  .71 
|xy|  <  F3( z)  •  .71 

=  0  elsewhere. 

The  cusps  which  appear  in  Figs.  44;  45,  46  and  47  are  one  error 
feature  of  the  image  which  can  be  eliminated.  When  this  imaging  tech¬ 
nique  Is  used,  such  cusps  will  always  appear  at  locations  corresponding 
to  a  sharp  discontinuity  In  the  input  ramp  waveforms.  When  band-limited 
ramp  waveform  approximations  are  used,  such  as  the  ones  of  Fig.  42, 
their  finite  rise  times  and  lack  of  any  sharp  corners  produce  the  cusp. 

It  can  be  argued,  however,  that  precisely  because  of  the  limited  band¬ 
width  of  the  waveforms,  image  features  with  the  sharpness  of  these  cusps 
should  not  occur  in  a  valid  image.  If  the  spatial  Fourier  transform  were 
calculated  for  the  Image  of  Fig.  47,  and  then  those  components  above  the 
frequency  band  of  the  Input  waveforms  were  filtered  out,  and  finally  a 
revised  image  produced  using  in  Inverse  spatial  Fourier  transform,  it  is 
estimated  that  the  image  of  Fig.  48  would  result.  Comparing  this  Image 
to  Fig.  5  It  can  be  seen  that  a  valid  image  has  resulted  for  this  object 
at  this  orientation. 

Recent  results  of  combining  short  pulse  data  and  resonant  region 
data  also  promise  to  alleviate  the  cusp  errors.  As  shown  in  Figs.  33 
through  41,  the  ramp  response  waveforms  resulting  from  combining  two 
data  types  have  very  short  risetlmes  and  faithfully  reproduce  relatively 
sharp  discontinuities.  Use  of  these  improved  waveforms  in  our  imaging 
process  should  eliminate  the  need  for  spatial  filtering  in  order  to 
prevent  cusp  errors. 
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The  above  Image  figures  were  hand-drawn.  Based  on  encouraging  results 
the  technique  was  programmed  on  ocr  Instrumentation  computer.  The  program 
will  produce  an  Isometric  view  of  the  Image  from  rarp  response  waveforms 
for  three  orthogonal  look  angles  as  the  Input.  It  should  be  stressed  that 
the  basic  Imaging  technique  does  not  require  orthogonal  look  angles,  and 
that  it  could  use  an  arbitrary  number  of  looks.  Also,  the  Isometric  view 
is  only  one  way  of  visually  presenting  the  three-dimensional  Information 
cn  total  body  shape  which  is  contained  In  the  target  characteristic  function. 
The  storage  limitation  In  our  Instrumentation  computer  is  one  reason  for  the 
simplification  of  the  technique  to  a  3  orthogonal  look,  Isometric  view 
approach. 

Several  computer-plotted  images  are  shown  In  Figs.  49  through  57. 

The  Input  data  for  these  Images  are  denoted  on  each  title  as  "measured" 
or  "calculated".  The  measured  Input  data  are  ten-frequency  ramp  wave¬ 
forms  from  our  experimental  facility.  These  waveforms  are  modified  In 
two  ways  In  the  Image  processing.  The  D.C.  level  of  the  waveforms  Is 
shifted  so  that  the  amplitude  Is  approximately  zero  ahead  of  the  target 
response.  Then,  the  waveform  Is  Inverted,  and  the  negative  trailing 
portion  Is  eliminated.  Figure  58  shows  a  typical  ramp  waveform  and  Its 
revised  form  as  used  in  the  imaging  process. 

It  is  known  that  a  portion  of  the  error  inherent  In  this  imaging 
process  Is  due  to  the  disparity  between  the  ramp  response  waveform  and  the 
actual  cross-section  vs  distance  characteristics,  as  discussed  In  Section 
II.  This  Includes  the  finite  rise  time  due  to  terminating  the  Fourier 
series  after  10  terns  and  the  reduced  accuracy  •in  the  shadow  region.  The 
shadow  region  Inaccuracies  are  observable  In  Figs.  49  and  53  as  a  de¬ 
gradation  of  the  Image  In  the  bottom  and  rear  quadrants.  As  Indicated 
in  Section  II,  further  study  of  the  ramp  waveform,  possibly  leading  to 
simple  modifications  for  greater  correspondence  to  cross  section,  are 
recommended  In  order  to  Improve  Image  accuracy  In  the  above  respects. 

In  order  to  examine  the  characteristics  of  the  basic  approach,  the 
ramp  response  errors  were  eliminated  by  using  actual  cross  sectional  area 
vs  distance  waveforms  as  input  in  those  Images  Tabled  "calculated".  The 
objective  is  thus  to  discover  a  technique  which  produces  perfect  Images 
for  perfect  cross-sectional  Input  data.  The  "calculated"  figures  demon¬ 
strate  that  good  images  can  be  obtained  for  a  variety  of  single  shapes. 

One  problem  area  for  the  present  Imaging  process  Is  demonstrated  by 
Figs.  59  through  63,  which  correspond  to  a  2:1  square  cylinder  whose  major 
axis  Is  rotated  with  respect  to  the  look  angle  reference  frame.  It  is 
seen  that  degradation  of  the  Image  occurs  when  the  object  axes  vary  more 
than  a  few  degrees  from  their  alignment  with  the  look  angle  reference  frame. 
The  cause  and  detection  of  this  type  of  error  have  been  studied,  and  a 
possible  solution  proposed. 

It  seems  that  the  principal  cause  of  this  error  is  the  original  as¬ 
sumption  that  the  center  of  all  cross-sectional  slabs  for  the  limiting 
surface  of  each  look  angle  must  be  aligned  parallel  to  the  line  of  sight. 
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As  shown  in  Fig.  61,  the  center  line  of  the  actual  cross-sectional  area 
slabs  for  the  off-axis  oriented  2:1  square  cylinder  do  not  satisfy  this 
assumption.  For  the  cube  Image  at  45°  shown  in  Fig.  65,  several  faces 
of  the  object  are  not  perpendicular  to  any  of  the  look  angles,  the  same 
as  for  the  2:1  square  cylinder  of  Fig.  63.  Yet  It  Is  seen  that  since  the 
centers  of  the  cross-sectional  area  slices  are  parallel  to  the  look 
angles  In  the  case  of  the  45°  cube,  a  satisfactory  image  results,  thus 
Illustrating  the  Importance  that  center  line  alignment  plays  in  this 
imaging  process. 

An  objective  indication  of  when  the  images,  such  as  those  of  Figs. 

60  through  63,  are  In  error  does  exist.  If  cross-sectional  vs  distance 
waveforms  of  the  Image  of  Fig.  62  are  calculated,  it  is  found  that  they 
differ  significantly  from  the  Input  waveforms,  as  shown  in  Fig.  66.  Thus, 
It  is  known  that  the  imuge  Is  in  error  without  knowing  a  priori  what  the 
image  should  look  like.  With  an  iterative  computer  program,  it  would 
therefore  seem  possible  for  the  operator  to  adjust  the  limiting  surface 
center-lines  until  the  correct  image  was  obtained.  A  more  rapid  and  direct 
method  of  doing  this  task  seems  desirable,  however. 

The  Rayleigh  region  response  amplitude  vs  polarization  appears  to  be 
one  way  of  estimating  target  orientation  and  gross  shape  as  well.  For 
a  2:1  prolate  spheroid,  for  example,  the  Rayleigh  coefficient  vs  E  field 
polarization  $  is  shown  in  Fig.  67.  The  angle  of  maximum  Rayleigh  return 
corresponds  to  the  orientation  of  the  major  axis.  Furthermore,  the  ratio 
of  the  maximum  to  minimum  Rayleigh  return  appears  to  be  approximately  equal 
to  the  silhouette  aspect  ratio.  For  the  spheroid,  max-to-min  Rayleigh 
return  ratio  vs  silhouette  aspect  ratio  are  plotted  for  several  values  of 
incidence  angles  C  with  respect  to  the  spheroid  major  axis.  Thus,  using 
polarization  control  on  a  Rayleigh  region  frequency  for  a  target  measure¬ 
ment  at  three  look  angles  it  seems  possible  to  define  the  orientation  and 
shape  of  an  ellipsoidal  approximation  of  a  radar  target.  There  was  not 
sufficient  time  during  this  program  to  actually  modify  our  imaging  tech¬ 
nique  to  make  use  of  this  additional  information.  Such  a  modification 
seems  advisable  as  the  next  step  in  an  imaging  investigation. 

From  the  above  discussion  it  is  obvious  that  the  *tudy  of  radar  tar¬ 
get  Imaging  using  time  domain  response  waveforms  has  only  begun.  The 
promising  technique  described  above  will  probably  be  revised  as  study 
progresses,  and  non-orthogonal  look  angles  remain  to  be  investigated. 

At  the  present  point  in  this  investigation,  It  can  be  concluded  that: 

1.  The  geometrical  implications  of  time-domain  signature  data 
make  them  especially  suitable  as  a  basis  for  target  image 
studies. 
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The  Rayleigh  and  resonance  region  scattering  data  entodied  in 
the  ramp  response  waveform  are  different  enough  In  character 
from  optical  region  data  to  require  different,  and  possibly 
complimentary  Imaging  methods  from  the  optical  data. 

The  preliminary  results  of  ramp  response  Imaging,  and  the  many 
area  remaining  for  Investigation  and  Inprovement  of  the  tech¬ 
nique  merit  further  concentrated  effort  in  this  area. 
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Fig.  43.  Approximate  limiting  contour  of  a  slab 
of  given  cross-sectional  area. 
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Fig.  44.  Approximate  limiting  surface  for  a  cube, 
derived  from  front  look  angle  ramp 
response. 
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Fig.  45.  Approximate  limiting  surface  for  a  cube, 

derived  from  side  look  angle  ramp  response. 
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Fig.  46.  Approximate  limiting  surface  for  a  cube, 
derived  from  top  look  angle  ramp  response. 
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Fig.  47.  Approximate  limiting  surface  for  a  cube, 

derived  from  all  three  previous  look  angles. 


Fig.  48.  Spatial  filtered  version  of  Fig,  47. 
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2:1  square  cylinder  image,  calculated  input  data. 


2:1  circular  cylinder  image,  calculated  input  data 
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Fig.  53.  Modification  amp  waveform  for  imaging  use. 
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.  59.  Image  of  2:1  square  cylinder,  aligned  with  look 
angle  reference  frame,  calculated  input  data. 


Image  of  2:1  square  cylinder,  rotated  7.5°  in  YZ  plane 
calculated  input  data. 


Fig.  61.  Image  of  2:1  square  cylinder,  rotated  15  in  YZ  plane 
calculated  input  data. 


Fig.  62.  Image  of  2:1  square  cylinder,  rotated  30°  in  > Z  plane, 
calculated  input  data. 


69 


Fig.  64.  Center-line  of  cross-sectional  area  vs  distance  for  off-axis 
2:1  square  cylinder,  calculated  input  data. 


71 


AREA  (UNIT*)  AREA  (UNITS*)  AREA  (UNITS*) 


(0) 


(C) 


Fig,  66.  Input  vs  output  cross-sectional  area  vs  distance  waveforms 
for  the  image  of  Fig.  62. 
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Fio.  67.  Rayleigh  coefficient  vs  polarization  for  2:1  spheroid. 
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12  3  4 

ACTUAL  SILHOUETTE  AXIAL  RATIO 

Fig.  68.  Max  to  min  Rayleigh  coefficient  vs  silhouette 
aspect  ratio  for  a  2:1  spheroid. 


V.  CONCLUSIONS 


Electromagnetic  scattering  measurements  have  been  made  on  repre¬ 
sentative  target  shapes,  using  a  coherent,  harmonically-related  ten- 
frequency  system  developed  for  this  purpose.  The  measurements,  besides 
providing  quantitative  complex  spectral  scattering  data,  also  furnish 
characteristic  target  waveforms  for  further  study  of  time-domain  sig¬ 
nature  techniques.  Analysis  of  the  data  has  provided  Insight  on  the 
geometrical  implications  of  the  time-domain  signature,  on  the  feasibility 
and  value  of  combining  resonant  region  scattering  data  with  short 
pulse  scattering  Information,  and  finally  on  constructing  a  target  Image 
from  time  domain  signature  information. 

Waveforms  generated  from  the  measured  data  tend  to  confirm  the 
geometrical  characteristics  of  the  ramp  response  previously  demonstrated 
by  sphere  and  spheroid  data.  First,  the  area  under  the  curve  Is  pro¬ 
portional  to  object  volume.  In  many  cases,  the  waveform  amplitude  Is 
proportional  to  the  object  cross-section  vs  distance  along  the  line  of 
sight.  If  the  F  field  of  the  interrogating  waveform  is  perpendicular  to 
the  major  axis  of  the  object  silhouette,  the  constant  of  proportionality 
for  both  cases  above  is  shown  to  be  -n.  Furthermore,  the  ratio  of  maxi¬ 
mum  to  minimum  area  under  the  response  waveform  as  polarization  is  varied 
yields  information  on  the  orientation  and  aspect  ratio  (length/width)  of 
the  object  silhouette. 

Short  pulse  and  resonant  region  scattering  Information  have  been 
shown  to  be  complimentary,  in  that  the  resonant  region  data  is  related 
to  the  general  target  shape,  while  the  short  pulse  data  yields  Information 
on  the  scattering  centers,  which  are  the  Injrortant  details  of  the  target 
shape.  A  new  technique  for  identifying  the  nature  of  the  scattering 
centers  from  short  pulse  data  has  been  proposed.  It  has  been  shown  that, 
if  the  scattering  centers  can  be  identified,  then  the  addition  of  scat¬ 
tering  data  at  three  properly  chosen  resonance  range  frequencies  to  short- 
pulse  derived  data  results  in  valid  time-domain  signature  waveforms. 

Design  of  a  radar  system  at  three  frequencies  corresponding  to 
realistic  target  sizes  seems  feasible  as  far  as  propagation  is  concerned, 
but  needs  further  study. 

An  imaging  method  has  been  presented  which  uses  ramp  response  wave¬ 
forms  for  three  or  more  look  angles  to  estimate  the  shape  of  the  target. 

In  its  present  state,  this  method  obtains  excellent  Images  for  some 
objects  and  orientations,  a  very  simple  application  of  the  geometrical 
aspects  of  the  ramp  response.  Improvements  in  the  technique,  including 
use  of  polarization  information  of  short  pulse  data,  should  further 
improve  image  accuracy  for  arbitrary  targets  and  orientations .  The 
capabilities  of  such  an  improved  imaging  process,  both  as  a  basis  for 
automated  identification,  and  in  conjunction  with  human  Interpretation, 
make  further  study  in  this  area  advisable. 
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In  view  of  the  demonstrated  physical  significance  of  the  time  domain 
signature.  In  view  of  the  promising  techniques  for  measuring  the  time 
uomaln  signature  by  the  addition  of  a  few  resonant  region  measurements  to 
short  pulse  data,  and  in  view  of  the  new  Imaging  results  presented  in  this 
report,  it  Is  recommended  that  studies  of  time  domain  signature  radar  identi¬ 
fication  be  continued.  Specific  areas  deserving  further  effort  include: 

1.  Continue  polychromatic  radar  reflectivity  measurements  over  10:1 
frequency  bands  for  additional  space  object  types.  More  complex  configu¬ 
rations  with  protruding  antennas,  etc.  are  one  interesting  area  for  in¬ 
vestigation.  Further  study  of  target  size,  orientation,  and  shape  estimation 
in  the  presence  of  system  noise,  target  motion,  and  small  target  variations 
is  also  recommended. 

2.  Further  study  of  combined  short  pulse-resonance  region  time- 
domain  signature  estimates  should  be  undertaken.  Computer  analysis  of 
appropriate  short  pulse  data  to  apply  the  ElectroScience  Laboratory 
scattering  center  identification  technique,  and  to  provide  additional 
combined  approximate  waveforms  for  pertinent  targets  should  be  included 
in  such  a  study.  A  comparison  of  measured  results  using  such  a  technique 
with  theoretically  predicted  impulse  waveforms  for  some  pertinent  targets 
would  also  be  interesting. 

3.  Development  of  imaging  techniques  utilizing  time-domain  signature 
information.  Areas  for  future  study  include;  1)  polarization  information, 

2)  non-orthogonal  look  angles,  and  look  angle  limitations,  3)  addition  of 
short-pulse  scattering  center  information  to  present  techniques,  and  4) 
general  performance  characteristics  vs  orientation  and  shape  complexity 
studies. 
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APPENDIX 


This  section  presents  the  tabulated  complex  scattering  data 
measured  for  the  targets  of  Figs.  1-8.  Values  of  normalized  complex 
square-root  of  cross-section,  in  cm,  are  presented  for  two  orthogonal 
linearly  polarized  Interrogating  signals,  at  frequencies  of  1.032, 

2.164,  ...  10.82  GHz. 

The  phase  reference  for  these  data  Is  approximately,  but  not  exactly 
at  the  centrcid  of  the  target.  Specifically,  the  styrofoam  holders  for 
the  targets  were  designed  to  accommodate  a  set  of  spheres  as  well.  For 
the  2:1  cylinder  and  Its  modified  versions  (Figs.  1-4)  the  center  of  the 
sphere  was  located  as  exactly  as  possible  at  the  centroid  of  the  2:1 
cylinder  portion  of  the  target.  For  the  other  targets,  the  sphere  centers 
were  located  as  near  as  possible  to  the  centroid  of  the  total  shape.  The 
actual  zero-phase  point,  then,  Is  the  center  of  the  reference  spheres. 

The  accuracy  of  these  data  was  estimated  by  measuring  at  least  two 
reference  spheres  along  with  each  target  measurement  trial.  Then  after 
the  data  was  normalized  using  one  reference  sphere,  the  experimental  values 
obtained  for  the  "check"  sphere(s)  were  compared  with  calculated  data  to 
provide  an  accuracy  estimate. 

Two  sets  of  accuracy  estimates  apply  to  these  data.  Prior  to 
January,  1971  the  system  microwave  hardware  and  range  configuration  were 
adjusted  to  a  compromise  situation  to  yield  satisfactory  accuracy  and 
minimum  measurement  time.  Maximun  deviation  estimates  for  the  above 
arrangement  are  given  in  Table  A-l. 

TABlE  A-l 


Frequency 

Amplitude  Accuracy 

Phase  Accuracy 

1.08  &iz 

±10% 

±10° 

2.16 

±105 

±10o 

3.24 

±10% 

±10° 

4.32 

±20% 

±20° 

5.40 

±10% 

±10° 

6.48 

±10% 

±10° 

7.56 

±10% 

±10° 

8.64 

±20% 

±20° 

9.72 

±20% 

±200 

10.80 

±20% 

±200 

As  the  waveforms  in  the  text  indicate,  these  accuracy  levels  are 
sufficient  to  assure  adequate  ramp  response  waveforms. 
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More  recently,  repeated  measurement  runs  with  the  system  optimized 
for  different  frequencies  have  resulted  in  the  accuracies  given  in 


Table  A-2. 

TABLE  A-2 

Frequency 

Amplitude  Accuracy 

Phase  Accuracy 

1.08 

±10* 

±10° 

2.16 

±10* 

±10° 

3.24 

±10* 

±10° 

4.32 

±10* 

±10° 

5.40 

±10* 

±10° 

6.48 

±10* 

±10° 

7.56 

±10* 

±10° 

8.64 

±10* 

±10° 

9.72 

±10* 

±K 0° 

10.80 

±10* 

±10° 

The  tables 

of  these  data  are  denoted  by 

an  asterisk.  Such  data 

is  considered  suitable  for  step  and  impulse 
waveforms. 
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TABLE  A- 7 

CONE  CYLINDER,  $  POLARISATION 
COMPLEX  RETURN  V?  e 


TABLE  A- 9 

STEP  CYLINDER,  «  POLARIZATION 
COMPLEX  RETURN  VS  6 


TABLE  A- 11 

CUBE,  *  =  0,  ^  POLARIZATION 
COMPLEX  RETURN  VS  e 


Frequency  (GHz) 

6 

A(cm) 

II 

O 

o 

8= 

A(cm) 

15° 

❖ 

0= 

A  (cm) 

30° 

♦ 

6= 

A(cm) 

45° 

4> 

1 

2.02 

2 

2.02 

356 

2.05 

4 

2.02 

358 

2.16 

2 

6.30 

339 

6.24 

337 

6.38 

339 

6.18 

337 

3.24 

3 

4.04 

320 

3.92 

317 

4.36 

316 

4.44 

314 

4.32 

4 

5.67 

90 

5.60 

97 

3.80 

92 

3.48 

70 

5 

9.16 

83 

8.16 

94 

6.54 

95 

4.13 

51 

6.48 

6 

5.27 

49 

2.08 

74 

2.69 

223 

3.19 

220 

7.56 

7 

7.16 

141 

5.85 

144 

3.68 

174 

3.63 

210 

8.64 

8 

7.05 

211 

5.55 

219 

2.66 

223 

1.78 

272 

9.72 

9 

7.59 

215 

8.67 

138 

2.21 

350 

0.663 

245 

10  80 

4.27 

138 

1.87 

84 

3.81 

189 

5.17 

359 

TABLE  A-12 

CUBE,  *  =  0°,  9  POLARIZATION 
COMPLEX  RETURN  VS  0 


Frequency  (GHz) 

0 

A(cm) 

=0° 

$ 

0= 

A(cm) 

15° 

♦ 

0= 

A  (cm) 

30° 

♦ 

0= 

A(cm) 

45° 

1.08 

1 

2.41 

0 

2.26 

357 

2.07 

359 

2.09 

349 

2.16 

2 

6.08 

341 

6.17 

340 

6.47 

341 

6.52 

338 

3.24 

3 

4.02 

334 

4.79 

330 

6.19 

332 

6.87 

329 

4.32 

4 

5.24 

84 

3.82 

72 

3.17 

348 

4.88 

329 

5.40 

5 

8.47 

98 

6.80 

97 

3.44 

59 

3.36 

11 

5.48 

6 

9.73 

123 

8.47 

U4 

3.31 

88 

3.18 

20 

7.56 

7 

7.95 

151 

7.10 

148 

2.32 

133 

3.45 

346 

8.64 

8 

7.75 

205 

7.23 

182 

2.89 

177 

4.68 

319 

9.72 

0 

12,2 

268 

8.05 

239 

3.15 

193 

7.00 

337 

10.80 

10 

24.2 

302 

8.25 

294 

3.42 

347 

3.40 

175 

86 


TABLE  A-13 

-  150,  *  POLARIZATION* 
COHH.EX  RETURN  VS  + 


TABLE  A-1 5 

«  30°,  *  POLARIZATION 
COW* LEX  RETURN  VS  8 
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TABLE  A-23 

LARGE  SPHERE-CAPPED  CYLINDER  WITH  STUB 
*  »  0,  ♦  POLARIZATION 
COMPLEX  RETURN  VS  e 


Frequency  (GHz) 


A(cm) 

9=0° 

$ 

9 

A(cm) 

-10° 

* 

9= 

A(cm) 

20° 

$ 

9=90° 
A(ctn)  $ 

3.14 

248 

2.64 

256 

1.76 

259 

10.77 

10° 

10.67 

147 

10.63 

146 

10.48 

137 

19.58 

1° 

6.43 

25 

7.21 

21 

8.39 

5 

16.17 

91° 

4.60 

82 

3.80 

59 

3.62 

340 

24.29 

142° 

8.52 

0 

7.34 

342 

5.49 

294 

19.87 

209° 

4.38 

312 

3.22 

310 

1 .82 

240 

32.53 

289° 

5.44 

251 

6.26 

266 

5.09 

197 

26.78 

347° 

1.93 

259 

2.77 

230 

4.35 

142 

29.42 

51° 

6.48 

223 

4.50 

220 

4.73 

82 

42.24 

118° 

1.86 

94 

3.40 

125 

1.64 

72 

15.54 

144° 

TAB1  F  A  ZT 

LARGE  SPHERE-CAPPED  CYLINDER  WITH  STUB, 
*  =  90° ,  $  POLARIZATION 
COMPLEX  RETURN  VS  9 


Frequency  (GHz)  j  9=0C 
f  A(cm) 


A(  cm) 


5-20 
A(on)  $ 


A(cjh) 


08 

1 

2.27 

285  | 

;  2.4C  295  ! 

1  2.30 

317  j 

12.33 

.16 

2 

4.76 

59  ! 

!  4.35 

64  ! 

!  4.26 

59 ; 

16.78 

.24 

3 

10.50 

44 

'  11.15 

38 

:  n.44 

20  1 

14.93 

.32 

4 

8.05 

82 

1  6.97 

79 

i  4.65 

28  ! 

26.06 

.40 

5  | 

4,70 

4 

!  3.63 

350 

4.19 

254 

22.45 

.48 

6  ! 

6.54 

292 

I  5.46 

295 

i  4.83 

246  ! 

1  32  19 

56 

7 

8.08 

302 

1  8=89 

277 

f  5.64 

244 

i  25.22 

.64 

8  ! 

2.74 

358 

!  0.813 

286 

;  2.40 

108  ; 

27.77 

.72 

9  1 

:  6.13 

204 

!  5.24 

155 

:  9.56 

94 

i  35.20 

3.80 

io  : 

2.4S 

150 

|  1.90 
« - * — = — 

71 

:  8.59 

124 

9.51 

